A relationship between Alzheimer's disease (AD) and folate has been reported. Amyloid positron emission tomography (PET) is currently one of the most reliable biomarkers for AD. We investigated the correlation between serum folate levels and amyloid imaging to clarify whether serum folate could be a biomarker for AD. We also examined the usefulness of a combined assessment of serum folate levels and red blood cell hemoglobin content. Apolipoprotein E (APOE) gene polymorphisms were also assessed. Serum folate levels and hemoglobin content were evaluated by receiver operating characteristic analysis for their diagnostic capability as AD biomarkers relating to brain amyloid β accumulation. The area under the ROC curve (AUC) for serum folate was 0.136 (95% confidence interval [CI]: 0.000-0.312; p = 0.016). The AUC for hemoglobin content was 0.848 (95% CI: 0.661-1.000; p = 0.021). Therefore, the folate deficiency with low folate levels or the non-anaemia with high hemoglobin content levels were found to have a high probability of also testing positive for amyloid. Furthermore, eight patients were found to be folate deficiency and nonanaemia, those who were consist of 7 amyloid positive patients (87.5%), and only one of the amyloid negative patients (12.5%). These results suggest that a deficiency of serum folate and high hemoglobin levels may reflect an increased risk of amyloid β accumulation in the brain. Additionally, we demonstrated that these biomarkers could enhance the effectiveness of APOE as an AD biomarker. This study reveals that the combined assessment of serum folate levels and red blood cell hemoglobin content may be a useful biomarker for amyloid β accumulation in the brain. We also found that the combination of serum folate levels and hemoglobin content is a more specific and sensitive blood biomarker for AD than APOE or folate alone. These findings may be used to support clinical diagnosis of AD using a simple blood test.
Introduction
The relationship between Alzheimer's disease (AD) and decreased serum folate levels has been established [1] . It has been reported that DNA repair in nerve cells is inhibited by amyloid β-induced oxidative stress accompanied by folate deficiency [2] . However, the relationship between folate deficiency and the pathogenic mechanisms of AD has not been clearly elucidated.
The amyloid cascade hypothesis is a strong model for the pathogenesis of AD [3] [4] [5] . The accumulation of amyloid β in the brain begins more than 10 years before the appearance of dementia symptoms [6] . Amyloid imaging technology has been developed to detect brain amyloid β accumulation in the early stages of AD [7] . Amyloid positron emission tomography (PET) is one of strongest candidates for assessing AD biomarkers, based on the amyloid cascade hypothesis [8, 9] .
In addition, it has been reported that the apolipoprotein E (APOE) gene polymorphism epsilon 4 (APOE-epsilon 4) is associated with familial and sporadic forms of AD [10] . Furthermore, carriers of APOE-epsilon 4, have been found to have greater deposits of amyloid β in the brain [11, 12] . However, there are a number of AD patients who do not carry APOEepsilon 4, and the sensitivity of diagnosing AD according to the presence or absence of APOEepsilon 4 is approximately 60% [13] . Therefore, when the presence or absence of APOE-epsilon 4 is used as a marker, a diagnosis of AD will be missed in 40% of patients. The consensus report released by the Ronald and Nancy Reagan Research Institute of the Alzheimer's Association et al. concluded that using the APOE-epsilon 4 allele of the APOE gene alone as a biomarker for AD should be avoided [14] .
Therefore, new biomarkers for AD based on the amyloid hypothesis are needed. We investigated the correlation between serum folate levels and amyloid imaging to determine whether serum folate levels could be a biomarker for the early detection of AD.
Additionally, a close correlation has been reported between the risk of mild cognitive impairment (MCI) and the hemoglobin content of red blood cells [15] . We examined the significance of red blood cell hemoglobin content in addition to serum folate levels as a biomarker of brain amyloid β accumulation. Furthermore, we evaluated whether their combined assessment improves the accuracy of using APOE gene polymorphisms as a biomarker for AD.
Material and methods
The study was approved by the Ethics Committee of Nanpuh Hospital, Kagoshima Kyosaikai, Public Interest Inc. Association, Japan. Clinical examinations were performed according to the principles of the Declaration of Helsinki. Research content was obtained in writing. In this study, the patients who were diagnosed with dementia in outpatient visits at Nanpuh Hospital were targeted as participants. We recruited without restrictions on sex and age. The research started on February 15, 2012. The 17 participants (7 male and 10 female) in this study underwent amyloid PET and assessment of serum folate, red blood cell hemoglobin content, and APOE gene polymorphisms in our outpatient clinic. The mean age of the participants was 77.1 ±6.5 years (mean±standard deviation (SD); range, 68-89 years). As a diagnostic criterion for dementia, AD was diagnosed based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition [16] . MCI was diagnosed according to the criteria of Petersen et al [17] .
PET was performed using a Discovery ST Elite PET scanner (General Electric Co., CT, USA). The academic use of The dose of 11 C-PiB was 555±185 MBq. The PET and magnetic resonance image volumes were co-registered. The regions of interest (ROI) were defined according to previous reports [18] . Amyloid state in the whole brain was visualized using by amyloid PET, based on accumulations in the precuneus, posterior cingulate gyrus, frontal cortex, lateral temporal cortex, lateral parietal cortex, and striatum. Stronger cortical retention than white matter in at least one cortex was assessed as amyloid positive and weaker cortical retention than white matter was assessed as amyloid negative. The assessments were performed by radiologists who were blinded to the clinical data.
Serum folate levels were measured by a chemiluminescent enzyme immunoassay method using a UniCel DxI 800 Access Immunoassay System (Beckman Coulter Inc., CA, USA) in accordance with the manufacturer's instructions. In the sensitivity test, when measuring the control serum at the known concentration (1.5 to 2.5 ng / mL), the measured value is within ± 10%. When measuring the same sample three times, the coefficient of variation of the measured value was within 7%. Hemoglobin content was measured using a XE-5000 Hematology Analyzer (Sysmex, Co., Hyogo, Japan) in accordance with the manufacturer's instructions. APOE gene polymorphism analysis was performed using an invader method and a CytoFluor Series 4000 Fluorescence and Bioluminescence Reader (Applied Biosystems Co., MA, USA) in accordance with the manufacturer's instructions.
A receiver operating characteristic (ROC) curve was constructed to evaluate the diagnostic performance of serum folate levels or hemoglobin content in differentiating between amyloid positive and negative patients.
The statistical difference in the prevalence of APOE-epsilon 4 between the amyloid positive and negative patients was analyzed using the Chi-square test. Data were analyzed by using SPSS Version 23 (IBM Co., NY, USA). A value of P < 0.05 indicated a statistically significant difference. Table 1 shows the gender, clinical diagnosis, age, Mini-Mental State Examination (MMSE) score, serum folate levels, hemoglobin content and APOE genotype of the amyloid positive and negative patients. Amyloid was positive in 11 and negative in six of the 17 participants. The 17 patients consisted of 10 AD and seven MCI patients, with positive amyloid in seven of the AD patients and four of the MCI patients. The amyloid positive and negative patients' mean ages were 75.4±4.5 years (mean±SD; range, 68-81) and 80.2±8.7 years (mean±SD; range, 70-89), respectively. The mean MMSE scores were 23.2±2.9 points (mean±SD; range, 20-30). The amyloid positive and negative patients' mean MMSE scores were 22.6±2.5 points (mean±SD; range, 20-27) and 24.3±3.6 points (mean±SD; range, 20-30), respectively. The overall mean serum folate levels were 7.8±4.6 ng/mL (mean±SD; range, 3.1-16.8). Amyloid positive and negative patients' mean serum folate levels were 6.2±3.6 ng/mL (mean±SD; range, 3.1-13.6) and 10.7±5.3 ng/mL (mean±SD; range, 5.2-16.8), respectively. The normal range of folate is 6-20 ng/mL and less than 5.9 ng/mL as indicative of possible folate deficiency [19] . In our participants, the mean hemoglobin content was 12.8±1.9 g/dL (mean±SD; range, 8.9-15.8). Amyloid positive and negative patients' mean hemoglobin content were 13.6±1.5 g/dL (mean±SD; range, 10.9-15.8) and 11.4±1.8 g/dL (mean±SD; range, 8.9-13.8), respectively. The normal range of hemoglobin levels in males (15 years of age and above) is greater than equal to 13.0 g/dL as indicative of non-anaemia and less than 13.0 g/dL as indicative of anaemia. And, non-pregnant women (15 years of age and above) is greater than equal to 12.0 g/dL as indicative of non-anaemia and less than 12.0 g/dL as indicative of anaemia [20] . Of the 17 participants, nine carried the APOE-epsilon 4 allele and eight had other APOE alleles. In the 11 patients positive for amyloid by PET eight carried the APOE-epsilon 4 allele and three carried other alleles. In patients negative for amyloid one had the APOE-epsilon 4 allele and the other five did not (Table 1) .
Results
Serum folate levels and hemoglobin content were evaluated by ROC analysis for their diagnostic capability as AD biomarkers relating to brain amyloid β accumulation. The area under the ROC curve (AUC) for serum folate was 0.136 (95% confidence interval [CI]: 0.000-0.312; p = 0.016) (Fig 1) . Therefore, the folate deficiency with low folate levels were found to have a high probability of also testing positive for amyloid.
In addition, we performed ROC analysis of hemoglobin content as an auxiliary diagnostic tool to serum folate levels. The AUC for hemoglobin content was 0.848 (95% CI: 0.661-1.000; p = 0.021) (Fig 2) , showing high diagnostic performance. Therefore, the non-anaemia with high hemoglobin content levels were found to have a high probability of also testing positive for amyloid.
Folate deficiency and non-anaemia was seen in 7 of the 8 amyloid positive patients (87.5%), and only one of the amyloid negative patients (12.5%). Folate deficiency or non-anaemia was seen in 3 of the 5 amyloid positive patients (60.0%), and 2 of the amyloid negative patients (40.0%). Non-folate deficiency and anaemia was seen in 1 of the 4 amyloid positive patients (25.0%), and one of the amyloid negative patients (75.0%) ( Table 2) .
We also investigated the combination of folate levels, hemoglobin content, and the presence or absence of the APOE-epsilon 4 allele for its usefulness as a biomarker of AD relating to brain amyloid β accumulation. Fig 3 shows the APOE-epsilon 4 ratios in amyloid positive and amyloid negative patients. APOE-epsilon 4 appeared in eight of the 11 (72.7%) amyloid positive patients, and one of the six amyloid negative patients (16.7%). The difference of the incidence of the APOE-epsilon 4 allele between the two groups was statistically significant (p = 0.027) (Fig 3) . APOE-epsilon 4 carriers with folate deficiency and non-anaemia were defined as the APOE-epsilon 4 carriers plus α group, the APOE-epsilon 4 non-carriers with non-folate deficiency and anaemia were defined as the APOE-epsilon 4 non-carriers plus α group. All other cases were defined as the equivocal group. In the APOE-epsilon 4 carriers plus α group, all five patients were amyloid positive (100.0%). In the APOE-epsilon 4 non-carriers plus α group, all two patients were amyloid negative (100.0%) ( Table 3) .
Discussion
Amyloid β can induce oxidative stress and DNA damage in cultured neurons [21] [22] [23] . Both have been documented in neurons associated with amyloid β-containing plaques in the brains of AD patients [24, 25] . Oxidative stress and DNA damage induced by amyloid β play an important role in the pathogenesis of AD. Li W et al. reported that folate induces DNA methyltransferase (DNMT) activity, thereby attenuating amyloid β production [26] .
Recent studies have revealed that DNMT activity is related to recent memory formation and as well as remote memory maintenance [27] [28] . Moreover, Guo et al.'s study indicated that histone H3 hyperacetylation and DNMT-dependent hypomethylation mediate the activation of stress-related signaling pathways in SH-SY5Y cells, which leads to amyloid-β precursor protein, presenilin 1, and β-site APP-cleaving enzyme 1 gene expression increase, and thus to amyloid β overproduction [29] . In this study, we focused on hemoglobin. Jia-Ying et al. reported that hemoglobin binds to amyloid β, and enhances its aggregation [30] . High hemoglobin status leads to aggregation of amyloid β, suggesting that the risk of Alzheimer's disease is increased. Based on these data, we focused on folate as a biomarker for AD relating to amyloid β accumulation in the brain.
Recently, both cerebrospinal fluid (CSF) and amyloid PET studies have become widely used as reliable tools supporting the clinical diagnosis of AD, and are commonly used for assessment of the disease. Biomarkers of brain amyloid β protein deposition currently include low CSF amyloid β42 and positive PET amyloid imaging [31] [32] . However, CSF collection imposes a large burden on the patient and amyloid PET assessment is costly. In addition, only https://doi.org/10.1371/journal.pone.0175854.g003 a limited number of hospitals can perform these assessments. Therefore, this study focused on the development of biomarkers that can be readily assessed from blood samples. Blood biomarkers have the merit of also being less of a burden on patients and can be accessed through samples that would be routinely taken from patients anyway. APOE as a blood biomarker of AD is reliable but is not sufficiently specific or sensitive. Therefore, blood biomarkers that are more specific and sensitive than the classic biomarkers, including APOE, are required. The present study focused on evaluating the potential of serum folate levels or blood cell hemoglobin content alone as an AD biomarker, or in combination with APOE to enhance the accuracy of diagnosis. In our result, it showed that 87.5% patients were amyloid positive out of all the patients who were found to be folate deficiency and non-anaemia. Furthermore, all cases were positive for AD when tested with the combination of three biomarkers; folate levels, hemoglobin content, and APOE. Conversely, all of the cases that were negative for AD were also negative for all of the three biomarkers. Based on these data, the present study revealed that the combination of serum folate levels and red blood cell hemoglobin content is more specific and sensitive as a blood biomarker for AD than APOE or folate alone. These results may be used to support clinical diagnosis using a simple and easy blood test. However, this study have limitations to prove the risk of AD in folate deficiency and anemia since the small number of patients who underwent amyloid PET scanning. In this study, both serum folate levels and red blood cell hemoglobin content are within the normal range in amyloid PET positive patients. For future development, we need a larger number of samples in order to establish a diagnostic approach including healthy controls as well.
In summary, the combined assessment of serum folate levels and blood cell hemoglobin content may be an accurate blood biomarker of amyloid β accumulation in the brain and may have the potential to compensate for the relative weakness of APOE as an AD biomarker.
